A leucine aminopeptidase (EC 3.4.11.1) cDNA clone (DR57) that was induced in response to Pseudomonas syringae pv. tomato (P.s. tomato) infection was isolated using a subtractive hybridization-enriched cDNA probe. Genomic DNA blot analysis showed that the tomato genome had two leucine aminopeptidase genes. The levels of DR57 mRNAs after P.s. tomato infection and mechanical wounding were determined in two inbred tomato lines that exhibit susceptibility and resistance to P.s. tomato. DR57 mRNAs were detected 12 hours after infection and 4 hours after wounding. Furthermore, DR57 mRNAs were systemically induced in response to wounding. DR57 mRNAs were induced in leaves after Spodoptera littoralis feeding but were not detected in detached leaf controls. Possible roles for the DR57 leucine aminopeptidase in the defense reactions are discussed.
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In response to pathogen invasion, a large number of plant genes coding for proteins involved in the creation and deposition of physical barriers and development of mechanisms that actively antagonize pathogen growth are induced (for reviews, see refs. [1] [2] [3] [4] [5] . The active mechanisms of defense include the synthesis of phytoalexins that are toxic to fungi and bacteria (3) , lytic enzymes such as 3-1,3-glucanases and chitinases (6) , and inhibitors of proteases (7) . Many of these metabolic responses are also activated after wounding. Since the entry of pathogens into a plant often involves damage of plant cell walls and membranes, the relative contributions of the general wounding and pathogen-specific responses in curtailing pathogen invasion must be determined.
To examine changes in plant gene expression following bacterial pathogen infection and to identify the events that distinguish wounding and infection, we have chosen to study the changes in tomato gene expression in response to the causal agent of bacterial speck disease, Pseudomonas syringae pv. tomato (P.s. tomato). The availability of inbred lines that are resistant and susceptible to P.s. tomato allowed investigations of the changes in gene expression during compatible and incompatible interactions (8, 9) .
Here, we describe the isolation and the characterization of DR57, a gene involved in the plant-defense response. The DR57 mRNAs were barely detectable in healthy tomato leaves and accumulated to high levels in response to P.s. tomato infection, insect infestation, and mechanical wounding. DR57 encodes the exoprotease leucine aminopeptidase (EC 3.4.11.1; LAP). The potential roles for the DR57 LAP in the plant-defense reaction are discussed.
MATERIALS AND METHODS
Plant Material, Infection, and Wounding. Conditions for growth of the inbred lines, Peto 238R (disease-resistant) and
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Peto 238S (disease-susceptible), and methods for P.s. tomato inoculation, wounding, overwounding, mock infection, tissue harvest, and storage have been described (9) . Spodoptera littoralis larvae at the L6 stage were obtained from Josette Chaufaux (Laboratoire de Lutte Biologie La Miniere, Institut National de la Recherche Agronomique). Young tomato leaves were excised and incubated alone (control) or infested with S. littoralis larvae. Infested and control leaves were harvested and stored at -80°C.
RNA Isolation and RNA Blot Hybridizations. Procedures for the isolation of polysomal poly(A)+ mRNAs and total RNAs, RNA blot analysis, and autoradiographic signal quantification have been described (9) . BRL RNA markers (0.24-to 9.0-kb RNA ladder) were electrophoresed in parallel lanes to determine mRNA sizes. To support densitometric data, DR57 and proteinase inhibitor I and II mRNAs were quantitated using RNA dot blot hybridizations as described (9, 10) .
DNA Extraction and Southern Blot Analysis. A cDNA clone [pTSS-1-91(#2)-IBI] encoding the small subunit of ribulose-1,5-bisphosphate carboxylase (rbcS-1) of tomato was kindly supplied by W. Gruissem (University ofCalifornia, Berkeley) (11) . Proteinase inhibitor I and II cDNA clones, pTl-24 and pT2-48, from tomato were provided by C. Ryan (Washington State University, Pullman) (12, 13) .
Genomic DNAs were isolated, digested with HindIII, fractionated on 1% agarose gels, transferred to nitrocellulose filters, and hybridized with a 32P-labeled DR57 probe (14) . The DR57 cDNA insert was amplified from 10 ,ul of a fresh ADR57 plate lysate using AgtlO primers and Amplitaq DNA polymerase (Perkin-Elmer/Cetus). The 1.6-kb DR57 product was digested with EcoRI and gel-purified (15) prior to 32p labeling using random hexamers (16) . The left (5'-AGCA-AGTTCAGCCTGGTTAAG-3') and right (5'-CTTATGAG-TATTTCTTCCAGGGTA-3') AgtlO primers were synthesized by the Biotechnology Instrumentation Facility (University of California, Riverside).
Isolation and Labeling of the Enriched cDNA Probe. Firststrand cDNA was synthesized from polysomal poly(A)+ mRNA isolated from Peto 238R leaves harvested 20 h after P.s. tomato inoculation (17) . Eleven tTo whom reprint requests should be addressed.
poly(A)+ mRNA from healthy 238S leaves were hybridized for 42 h at 70°C (equivalent Rot = 4200 M s) and fractionated. The single-stranded cDNA was highly enriched for sequences expressed in a disease-resistant plant 20 h after P.s. tomato inoculation and 30 ng was used as a template for the synthesis of a high specific activity (2 x 109 cpm/,ug) probe (16) .
cDNA Library Construction and Screening. A AgtlO cDNA library was constructed from polysomal poly(A)+ mRNA isolated from Peto 238R leaves 20 h after inoculation with P.s. tomato. Double-stranded cDNAs were synthesized (17) , trimmed with T4 DNA polymerase, methylated with EcoRI methylase, and EcoRI linkers were added. The EcoRIdigested cDNAs were ligated into AgtlO arms (Vector Cloning Systems) and packaged in vitro according to manufacturer's specifications (Promega). Over 105 recombinant clones were attained. The 32P-labeled enriched cDNA probe (2 x 108 cpm) was used to screen 2 x 105 AgtlO recombinant phages (20) . Positive ADR clones were plaque-purified and aliquots of each phage were placed in microtiter dishes, spotted on Escherichia coli K802 lawns, and grown overnight. DNA from 116 phage spots was immobilized onto nitrocellulose filters (20) and differentially screened with the 32P-enriched cDNA probe (16) and 32P-labeled cDNAs synthesized from polysomal poly(A)+ mRNA from healthy, wounded, and infected 238S and 238R leaves (14, 18) .
Nucleotide Sequencing and Sequence Analysis. The 1.6-kb insert from ADR57 was subcloned into pUC118 (21); the nucleotide sequence of pDR57 was determined for both strands using overlapping subclones and an automated Applied Biosystems 373A DNA sequencer. Nucleotide sequences were analyzed using the University of Wisconsin Genetics Computer Group sequence package (22) . Nucleotide and deduced amino acid sequences of the E. coli, Rickettsia prowazekii, bovine, Arabidopsis thaliana, and Solanum tuberosum (potato) LAPs (23) (24) (25) (26) (27) were aligned using a Pearson and Lipman algorithm (28) .
RESULTS
Isolation and Characterization of DR57 cDNA Clone. Using the technique of subtractive hybridization, cDNAs were isolated that were enriched for sequences expressed in disease-resistant tomato leaves during P.s. tomato infection. These cDNAs were 40-fold enriched and were used as a probe to screen a AgtlO cDNA library constructed from mRNA isolated from disease-resistant tomato leaves 20 h after P.s. tomato inoculation. ADR57 was identified as a clone that gave strong hybridization signals with wounded and infected 32P-labeled cDNAs and the 32P-enriched cDNAs and no signals with cDNA probes from nonstressed leaves. DR57 mRNA Levels Increase During P.s. tomato Infection and Wounding. To determine the changes in DR57 mRNA levels during P.s. tomato infection and after wounding, RNA blots with poly(A)+ RNAs from healthy, mock-infected, overwounded, and P.s. tomato-infected leaves were hybridized to a 32P-labeled DR57 probe (Fig. 1B) . These RNAs were isolated from disease-resistant and -susceptible tomato plants. Equal loading of RNA in all lanes was verified by hybridization to a 32P-labeled rbcS cDNA probe (Fig. 1A) . The DR57 transcript was 2.2 kb and was barely detectable in healthy or mock-infected leaves. DR57 RNAs accumulated to high levels in response to wounding in the inbred diseaseresistant and -susceptible lines.
Temporal Accumulation of DR57 mRNAs After Wounding and Infection. To gain a more comprehensive view of the changes in DR57 gene expression during pathogen invasion and in response to wounding, the temporal accumulation of DR57 RNAs was investigated. Poly(A)+ RNAs were isolated from both tomato lines various times after P.s. tomato inoculation and wounding. RNA blot studies indicated that DR57 mRNAs were barely detected in healthy leaves but were abundant in the disease-resistant and -susceptible lines after P.s. tomato infection (Fig. 2A) . Increases in DR57 RNAs were detected by 12 h after inoculation and rose to maximal levels by 48 h. By 72 h, DR57 mRNA levels declined in the disease-resistant line, whereas DR57 mRNA levels decreased only slightly in the disease-susceptible line.
In response to wounding, DR57 RNAs accumulated rapidly and were detected by 4 h after wounding in tomato leaves (Fig. 2B) . In disease-susceptible leaves, DR57 RNAs reached their maximal levels by 4 h after wounding, whereas in disease-resistant leaves, the maximal level of DR57 RNAs was not observed until 8 h after wounding. Peak RNA levels were maintained for 24 h after wounding in both inbred lines.
Quantitative RNA dot blot experiments were done to determine the magnitude of change in DR57 RNA levels in response to pathogen invasion and wounding. After P.s. tomato inoculation, disease-susceptible leaves had =2-fold more DR57 RNA at 24 and 48 h after infection than diseaseresistant leaves. The levels of DR57 RNAs were similar in both inbred lines after mechanical wounding. When maximum levels of DR57 mRNAs were compared, 5-fold more DR57 RNA was detected after P.s. tomato inoculation (48 h) than in wounded leaves (8 h).
DR57 mRNAs Are Induced Systemically After Wounding. Systemic induction of defense-related -mRNAs and gene products in response to wounding and infection have been observed (4, 5, 9, 29, 30) . To determine if the DR57 mRNA accumulated solely at the site of infection/wounding or systemically in the plant, total RNAs were isolated from P.s. tomato-infected middle leaves and noninfected upper and lower leaves and used in RNA blot hybridizations (Fig. 3A) . DR57 RNAs were detected in P.s. tomato-infected middle leaves but transcripts were not detected in the noninoculated Time (h) 1 6 16 (Fig. 4) . Control leaves that were excised but not infested showed no increase in DR57 mRNAs.
Nucleotide and Amino Acid Sequence Analysis ofthe Tomato LAP. A comparison of the deduced amino acid sequence of the DR57 cDNA insert with sequences in the GenBank and European Molecular Biology Laboratory data bases indicated that DR57 encoded a protein with striking similarities to the LAPs from E. coli, R. prowazekii, and cow (23) (24) (25) . During the preparation of this manuscript, two reports of plant LAPs were made (26, 27) . The A. thaliana and potato LAPs had greater than 70% and 92% amino acid identity with the DR57 LAP, respectively (Fig. 5) . The four amino acid residues important in binding the two zinc ions and the two positively charged residues in the active site of the bovine LAP (31) were conserved in all three plant species. LAPs Are Encoded by a Small Gene Family. To estimate the number of genes that encode the DR57 LAP, genomic DNAs from disease-resistant and -susceptible plants were digested with HindIII, blotted, and hybridized with a 32P-labeled DR57 cDNA probe. Two HindIII fragments (13.0 and 5.5 kb) hybridized to the DR57 probe. These and other DNA blot data (unpublished data) indicate that the DR57 is a member of a small gene family, and the organization of these genes is similar in disease-resistant and -susceptible lines. DISCUSSION A cDNA probe enriched for sequences expressed in response to P.s. tomato infection was isolated by subtractive hybridization and used to identify clones that were induced after bacterial infection. In this report, we describe a clone, DR57, that encodes a mRNA that accumulated after P.s. tomato invasion, insect infestation, and wounding. DNA blot analysis showed that a small number of genes encode the woundinduced LAPs in tomato.
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RNA blots showed that dramatic increases in the level of DR57 RNAs occurred after P.s. tomato infection and wounding in tomato leaves. Studies with other host-pathogen systems have indicated that some defense-related genes are more rapidly induced during incompatible interactions; these observations were first established for the genes involved in phytoalexin biosynthesis in bean (32) and have been observed in other host-pathogen interactions (33) . In contrast, DR57 mRNAs accumulated with similar kinetics during compatible and incompatible interactions. This pattern of gene expression has also been observed for proteinase inhibitor mRNAs in these inbred tomato lines (9), for chalcone synthase mRNAs during the compatible interaction of Pseudomonas syringae pv. glycinea and soybean (34) , and the basic chitinases of tobacco (35) . The difference in the data for P.s. tomato infection and previous studies may be attributed to the fact that there are fundamental differences in the mode of regulation of different defense-related genes (35) or that the experiments reported here used intact plants that were wounded or inoculated with P.s. tomato. It is possible that the defense response in intact plants overlaps, but is not identical to, that observed using plant tissue segments or cell suspension cultures. Alternatively, the difference in the timing of defense-related mRNAs may be due to differences in genetic background of the plant lines or pathogen strains used for these studies. This hypothesis gains support from the studies of Dhawale et al. (34) .
Like the proteinase inhibitor I and II mRNAs, DR57 mRNAs were systemically induced after wounding. Whereas proteinase inhibitor mRNAs accumulated to equal levels in wounded and nonwounded upper leaves of tomato (9), the systemic induction of DR57 mRNAs was more limited, but was easily observed 6-24 h after wounding. Unlike wounding, DR57 mRNAs were not detected systemically after P.s. tomato infection. This contrasts to the observations with proteinase inhibitor mRNAs, which were readily detected in these leaves by 48 h after infection (9) . These data suggest that proteinase inhibitor I and II and LAP genes may respond differentially to the wounding and pathogen-induced signals in tomato.
Sequence comparisons indicated that the DR57 cDNA clone encoded a LAP. In animals, membrane-bound and soluble aminopeptidases have been identified (36) . LAPs are one example of the diverse array of soluble aminopeptidases that hydrolyze the amino-terminal residues from proteins and peptides. They have a nutritional role in the intestines, where they release amino acids from peptides and proteins for subsequent transport and protein synthesis. Aminopeptidases also modulate the activity of neurotransmitters, neuromodulators, or peptide hormones by converting them to active or inactive forms (37) . In addition, aminopeptidases have been proposed to have a role in modulating half-lives of proteins in vivo (38) .
At present, little is known about the expression of plant aminopeptidase genes and their role in development and responses to stress (39) . Activities for soluble aminopeptidases have been documented during leaf senescence (40) (41) and in cotyledons (39, 42, 43) . This paper is one of the first reports of LAP induction in plant-defense response. During preparation ofthis manuscript, the induction ofLAP mRNAs after wounding and in response to abscisic and jasmonic acid applications was reported in potato (27) . Unlike our studies in tomato, the LAP mRNAs in potato were not detected systemically 4 h after wounding; these data are not inconsistent with the data presented here since a single time point was reported in the potato studies. The dramatic increase of LAP mRNAs after wounding in this study, as well as by insect infestation and P.s. tomato infection, suggests that LAP may constitute a major component of the plant-defense response arsenal; although, at this time the role of LAP in the plant-defense response is unknown. Recently, increases in LAP protein and activity were correlated with wounding (Y. Q. Gu, F.M.H., V.P., and L.L.W., unpublished results).
It is possible that increases of the DR57 LAP mRNAs during infection and wounding are reflective of similarities of the localized cell death responses in damaged tissues and the events that occur during senescence (44, 45) . The importance of salvaging proteins from damaged cells and senescing leaves may be an important aspect of the plant life cycle. Alternatively, the DR57 LAP could antagonize bacterial infection by inactivating pathogen proteins essential for survival in the tomato leaf. LAPs could also act independently or act in conjunction with proteinase inhibitors to inactivate insect digestive enzymes and gut peptide hormones, thereby actively deterring insect predation (7, 46) . If similar in action to the animal aminopeptidases, the DR57 LAP could also be important in the activation or inactivation of tomato proteins or peptides important in plant-defense responses. This hypothesis is intriguing, given the recent identification of the plant peptide hormone systemin. This 18-residue peptide is systemically transported through cut petioles and induces the accumulation of proteinase inhibitor (47) . It is possible that the DR57 LAP could modify systemin or its precursor and thereby modulate the plant-defense response.
The activation of plant-defense responses is complex; the signals that induce local and systemic expression of defenserelated genes are an intensive area of investigation. The roles and interactions between abscisic acid (27) , jasmonic acid (48), salicylic acid (5, 49) , ethylene (50) , and systemin (47) 
